Effects of liver dysfunction on target-controlled infusion (TCI) with Marsh parameters of propofol remain poorly documented. The purpose of this study was to evaluate the performance of propofol TCI in a cohort of Chinese patients with severe hepatic insufficiency.
Background
Hepatic impairment is a serious global public health problem. China is one of the most highly endemic areas [1] . Therefore, millions of Chinese patients with hepatic dysfunction undergo surgeries annually. Consequently, it is common in clinical practice in China to encounter patients with varying degrees of hepatic insufficiency [2, 3] . Since the liver is the major site of drug metabolism, hepatic insufficiency is largely associated with important pharmacokinetic and pharmacodynamic changes in anesthetic drugs.
Propofol is one of the most widely-used intravenous anesthetics in clinical practice and is highly suitable for induction and maintenance of anesthesia, largely due to its rapid onset of action, large volume of distribution, and high clearance rate [4] [5] [6] [7] [8] . Propofol was proved to be safe in patients with mild cirrhosis [9, 10] . Khamaysi et al. [11] concluded that sedation with propofol did not exacerbate subclinical hepatic encephalopathy in patients with compensated cirrhosis.
To the best of our knowledge, no studies have specifically addressed this issue for cirrhotic patients with severe hepatic failure corresponding to CTP C.
Target-controlled infusion (TCI) is a system that is highly dependent on pharmacokinetics and pharmacodynamics of drugs [12] , and can provide, with relative accuracy, concentrations in plasma or even at the target site [10, [13] [14] [15] . Therefore, TCI makes it possible to achieve a relatively stable induction and a good depth of anesthesia. Due to its pharmacokinetic characteristics, propofol is especially suited to TCI; therefore, propofol TCI has become an important anesthesia procedure.
Marsh parameters incorporated into the Diprifusor TCI system are based on patients with normal organ function and provide a stable blood-drug concentration for induction and maintenance of anesthesia [16] [17] [18] [19] . However, the accuracy of this system, when propofol is applied to patients with hepatic impairment, remains largely unknown. This lack of knowledge can cause potentially severe complications related to either a too light or too deep level of anesthesia.
The primary purpose of our study was to assess the predictive performance of the Diprifusor TCI system for propofol infusion in patients with hepatic insufficiency and who were anesthetized for liver transplantation.
Material and Methods
The study was approved by the Research Ethics Committee of the Third Affiliated Hospital of Sun Yat-sen University (Trial registration number ChiCTR-OCH-12002255). The study of pharmacodynamics with the same Trial registration number was conducted at the same time but in different patients [20] .
Study population
After obtaining written informed consent from the study participants, patients scheduled for elective liver transplantation were investigated in this prospective observational study. The study inclusion criteria were: American Society of Anesthesiology physical status classification (ASA) II~IV, age 18-65 years old, and undergoing liver transplantation between May 2014 and March 2016. Exclusion criteria were: patients with serious impairment of the respiratory system (chronic obstructive pulmonary disease, asthma, tuberculosis), cardiovascular system (arrhythmia, coronary artery disease, valvulopathy), renal system (renal insufficiency, kidney stones), and/or central nervous system (infection, cerebral infarction, long-term mental or neurological drugs), cancer or major organ surgery, and allergy to the drugs used in this study.
Study protocol
In this observational study, all patients received the same induction protocols. For patient safety during surgery, the anesthesiologists in charge were not blinded to patient liver function, but the patients and analysts were not identified.
No premedication was provided. Heart rate (HR), peripheral arterial oxygen saturation (SpO 2 ), and invasive arterial and central venous pressures (CVP) were continuously monitored (MP60, Philips, Germany).
Anesthesia
Before induction, patients were intravenously administered Plasma-Lyte A in order to maintain a steady state from induction to the time just prior to starting surgery. General anesthesia was induced and maintained with propofol (batch No. CR766, AstraZeneca, Italy) TCI by using a Diprifusor TCI pump (P6003, Alaris, USA). Propofol plasma concentrations were set at 3 µg/mL, which were documented in numerous studies, to provide good conditions for intubation, appropriate depth of anesthesia, and stable hemodynamics [21] [22] [23] . After loss of consciousness (LOC), tracheal intubation was facilitated with cisatracurium (0.2 mg/kg) and fentanyl (4.0 µg/kg). Lungs were mechanically ventilated with 50% oxygen to maintain the partial pressure of carbon dioxide at 30-35 mmHg. Propofol infusion was discontinued 30 min after initiation. Thereafter, anesthesia was maintained with sevoflurane inhalation. A bolus dose of cisatracurium (5 mg) and fentanyl (50 µg) were administered when necessary. The time of interest for the study 6926 was terminated 30 min after stopping propofol infusion, and the surgery was then allowed to proceed.
When necessary, bolus doses of either 2 mg dopamine or 5 mg urapidil were administered to avoid a 30% decrease in mean arterial pressure (MAP). Atropine was administered at doses of 0.25 mg to maintain HR ³50 bpm, with doses repeated as necessary. If there were intraoperative drug-related serious adverse events (e.g., allergy or severe hemodynamic events which were out of control), the anesthesiologist would terminate infusion of the related drugs immediately and take the necessary measures.
Blood sampling and analysis
To measure blood propofol concentration, 2-ml samples of arterial blood were collected at 1, 2, 5, 10, 20, and 30 min during propofol infusion, and at the same interval immediately after the 30-min infusion. Blood samples were collected in heparinized tubes and immediately centrifuged. Plasma was transferred to polypropylene tubes and stored at -70ºC until analysis. Propofol concentration was measured by reversedphase high-performance liquid chromatography with fluorescence detection [24, 25] . Laboratory assay was conducted by 2 persons who were not involved in clinical practice.
Data analysis for systemic errors
The size of the error, bias, divergence, and wobble were used to evaluate the performance of the Diprifusor TCI system. Measured concentrations (Cm) and target concentrations (Cp) were evaluated by examining the performance error (PE), which was calculated during the 30-min infusion according to Formula 1.
1 Intra-subject bias and system inaccuracy were assessed by determining the median performance error (MDPE) and the median absolute performance error (MDAPE), respectively [19] . Bias represents the degree of deviation between Cm and Cp. Precision (MDAPE) is often used to indicate the proximity of Cm and Cp according to Formulas 2 and 3.
Divergence is defined as the slope of the linear regression of absolute PE value against time and is expressed in units of percentage divergence per hour. A positive value indicates a progressive widening of the gap between Cp and Cm, while a negative value indicates Cm converge on Cp [26] [27] [28] . Divergence was calculated according to Formula 4.
4
Wobble is a measure of the total intra-individual PE variability and is directly related to the ability to achieve stable drug concentration with the computer-controlled infusion pump. Wobble was calculated according to Formula 5.
Pharmacokinetics
According to a previous study [29] , we calculated the regression formula of propofol population pharmacokinetic parameters. With NONMEM software (Version V, Level 1.1, Double precision), measured plasma concentration data in the second part of the study were analyzed, fitting the population pharmacokinetic parameters of propofol by using the bootstrap method validation with Wings for NONMEM software.
NONMEM is based on the minimum of objective function value (OFV min) equal to minus twice the maximum of the logarithm likelihood to test the hypothesis. This means that putting the various covariates into the model one by one, the difference between the objective function of the 2 models -2logL max follow F distribution, similar to c 2 distribution. We confirmed the fixed-effects covariates according to changes in the value of the objective function.
First, referring to the relevant literature, we considered the physiological significance and influences of the pharmacokinetics and focused on the fixed effects (i.e., covariates) that might affect the pharmacokinetic parameters; initially, we screened out the covariates that significantly affected the pharmacokinetic parameters of propofol.
Then, by forward inclusion, we put the covariates which affected significantly the pharmacokinetic parameters of propofol into the base model in the order DOFV descending sequentially. According to DOFV, we defined the significance level of a=0.01, degree of freedom=1, and established a full regression model. Then, by using backward elimination, we got rid of, one by one, the false-positive covariates that might exist in the full regression model. According to DOFV values, we defined the significance level as a=0.01 and degrees of freedom=1. If DOFV >6.64, the covariates had significant effects on the parameters, which should be retained in the model to obtain the final regression model. 
Statistical analysis
Data are expressed as mean ± standard deviation, unless stated otherwise, and were analyzed using SPSS v12.0 software package (SPSS, Inc., Chicago, IL, USA). General information was analyzed with either analysis of variance (ANOVA) or Fisher's exact test. Cm and Cp in every group were compared by using the t test. Statistical significance was defined by P<0.05.
Results
We screened 97 patients between July 2014 and October 2015: 64 were excluded, and 32 were finally enrolled ( Figure 1) . The patients were assigned to 3 groups on the basis of their Child-Turcotte-Pugh (CTP) score [30, 31] : Group CTP A for Child-Turcotte-Pugh A, Group CTP B for Child-Turcotte-Pugh B, and Group CTP C for Child-Turcotte-Pugh C.
Patients' characteristics are described in Table 1 and were comparable among all groups.
Propofol plasma concentration at the same TCI propofol target concentration
As blank controls, we collected 416 blood samples (13 per patient) before propofol administration.
There were overshoots in all groups during TCI (Figures 2, 3) . After discontinuation of propofol, there were significant differences between CTP C patients Cm and Cp (P<0.05) versus CTP A and B patients, but not between the latter 2 groups (P>0.05). At 10, 20, and 30 min after the start of TCI and at 1, 2, and 5 min after discontinuation, CTP C patients' Cm were significantly higher than those of CTP A patients (P<0.05). These results suggest that, while set at the same targeted plasma concentrations, more severe liver dysfunction was associated with higher measured plasma concentrations. The relationship between liver dysfunction and measured propofol plasma concentrations during TCI targeted for a plasma concentration of propofol First, we calculated and analyzed MDPE, MDAPE, wobble, and divergence of CTP A, B, and C patients during the whole 60 min (Figure 4) . We also analyzed these data separately (during and after TCI, first 30 min, and the last 30 min). These results demonstrated that the accuracy of TCI in CTP B and C patients was reduced, and that this reduction was statistically significant in CTP C patients compared to that of the other 2 groups. 
Analysis of pharmacokinetics

Discussion
In this prospective observational study, we analyzed the performance of propofol TCI with Marsh parameters in patients with liver dysfunction. Although set to the same plasma concentration, measured plasma concentrations were quite different from Cp, overshoots were common, and CTP C was associated with highest measured plasma concentrations. Analysis of MDPE, MDAPE, wobble, and divergence showed that the accuracy of TCI in CTP B and C patients was not satisfactory, and CTP C was more serious. Overall, TCI system performance was significantly lower in CTP C patients. Linear regression formulas of Cm vs. Cp and regression model of pharmacokinetics were obtained. The liver is deeply involved in pharmacodynamics and pharmacokinetics of many anesthetics [32] [33] [34] . It synthesizes proteins and metabolizes drugs, and therefore exerts a key role in drug binding and drug distribution. The Child-Turcotte-Pugh (CTP) score has been considered as a standard assessment of hepatic insufficiency severity, which is calculated from total bilirubin, serum albumin, prothrombin time, and the severity of ascites and hepatic encephalopathy [13] . Unfortunately, many disorders co-exist with hepatic dysfunction (especially liver failure), which can affect drug effects, such as fluid volume, inflammation, and other individual differences. All of these factors can alter the effects of drugs and made them more complex.
In order to explore the accuracy evaluation of TCI propofol under these circumstances, we selected patients with various degrees of liver dysfunction, and analyzed differences between the propofol Cm and Cp. We determined that, when targeting the same plasma propofol concentration, more severe liver dysfunction was associated with a higher measured plasma concentration.
Propofol metabolism is complex. As reported, UDPglucuronosyltransferase (UGT), which mostly exists in the liver, is one of the key enzymes in propofol metabolism. This means that propofol metabolism may be affected during either liver failure or liver transplantation.
The TCI system is one of the frequently-used devices in daily clinical practice in China. Marsh parameters incorporated into the Diprifusor TCI system have been derived from patients with normal liver function [5, 35] . A previous study [36] found that during intravenous infusion of propofol, compared with the control group, total body clearance and terminal elimination half-life were not significantly different in moderately severe (CTP B patients) cirrhosis. However, pharmacokinetic parameters may not be similar in patients with hepatic insufficiency [37] .
Many studies [22, 23] have indicated that better intubating conditions, a more appropriate depth of anesthesia, and more stable hemodynamics would be obtained if propofol target concentration is set to 3.0 μg/mL. TCI is set according to pharmacokinetic parameters of the system and required patient information (e.g., age, weight, and preset target concentration). It gives the loading dose (bolus), then a slower infusion-matching combination of the transfer of drug from the central compartment to the peripheral compartment and elimination clearance, but the drug in the body cannot be uniformly and rapidly mixed. In this case, overshoot cannot be completely avoided. Moreover, the difference between Cm and Cp depends on TCI system performance. Since these parameters have been calibrated from normal persons without organ dysfunction, whether they remain suitable for patients with liver dysfunction has not yet been clearly established. Our study shows that Cm in CTP A patients tended to achieve Cp over time, and that overshoot was not problematic. In contrast, in CTP B and C patients, performance error (PE) remained significant even after 30 min of infusion, with a significantly higher number. These results suggest that, under the same target plasma concentration, worse liver function is associated with higher propofol plasma concentrations. Therefore, propofol TCI for this category of patients should be decreased appropriately.
Our results demonstrate that, when targeting the same plasma concentration of propofol, TCI device with Marsh parameters were influenced by the degree of liver dysfunction. This, however, did not mean that propofol TCI should be abandoned. These findings rather illustrate that, in clinical practice, the targeted concentration of propofol should be adjusted according to the severity of liver failure. The currently used TCI pump contains an inherent mode that does not allow changing the speed. When a slow flow pump becomes available and titration can be adjusted based on clinical judgment with processed electroencephalogram monitoring, the procedure should become more appropriate.
TCI system performance is clinically acceptable if the MDPE (bias) is £15% and MDAPE (inaccuracy) is £30% [38]. In our study, MDAPE and MDPE of CTP B and C patients were over these percentages, thus contrasting with results of CTP A patients. As there are inevitable pharmacokinetic differences among individuals, it is impossible that Cm exactly achieves Cp during TCI. However, if they evolve in parallel, it is possible to adjust Cp proportionally according to clinical needs. The stability of the system in CTP A patients was shown by appropriate divergence (<10%/h) and wobble (13.4%). Plasma propofol concentrations remained fairly constant after reaching the target concentration, because CTP A patients had relatively normal liver function. Therefore, TCI could be applied to CTP A patients. However, divergence and wobble remained high in CTP B and C patients. This was likely due to the pathophysiological disturbance in these patients. Therefore, it appears necessary to regulate the Cp according to the monitoring of depth of anesthesia and clinical experience, in order to overcome the larger systematic errors when Marsh pharmacokinetic parameters embedded in Diprifusor TCI system are applied to CTP B and C patients.
As already mentioned, the mechanisms whereby liver dysfunction influences pharmacokinetics are complex. Patients with either cirrhosis or hepatic insufficiency typically exhibit high cardiac output and low peripheral vascular resistance with shunting of portal blood flow through collateral circulation. This leads to a later tissue distribution from the central compartment than that indicated by TCI prediction. The blood returns to the central compartment with little drug removed, and hence little decrease in drug concentration. Therefore, these patients showed a more significant and lasting higher propofol concentration than targeted. There are varying degrees of abnormal distribution of body fluids, hypoalbuminemia, endotoxemia, and hemodynamic disorders in severe liver dysfunction patients, with marked interindividual variations. This can significantly affect propofol kinetics, and, therefore, contribute to generating the results we observed.
We developed the regression formulas of propofol population pharmacokinetics by using NONMEN software, including the CTP score, which indicated that liver function affected population pharmacokinetic parameters of propofol. This explains the important deviation of TCI between CTP B and C patients.
This study has some limitations. First, pharmacodynamics such as hemodynamic changes were not studied at the same time, mainly due to the limitation of observation time, blood testing, and lack of manpower. Further studies determining the relationship between pharmacokinetic and pharmacodynamic parameters of propofol and liver dysfunction are needed. Secondly,
